Abstract In order to investigate the effect of glacial water on the CO 2 system in the fjord, we studied the variability of the total alkalinity (A T ), total dissolved inorganic carbon (C T ), dissolved inorganic nutrients, oxygen isotopic ratio (d 18 O), and freshwater fractions from the glacier front to the outer Tempelfjorden on Spitsbergen in winter 2012 (January, March, and April) and 2013 (April) and summer/fall 2013 (September).
Introduction
The Svalbard archipelago is the main fjord region in the Eurasian Arctic [Cottier et al., 2010] of which about 60% is covered by glaciers. Most of the Svalbard fjords are affected by freshwater and sedimentation from glaciers and riverine inflow, as well as sea-ice dynamics from seasonal ice formation and melt [e.g., Svendsen et al., 2002] . Moreover, many glaciers on Svalbard are retreating and have shown decreasing glacier volume [e.g., Kohler et al., 2007; Nuth et al., 2010; Moholdt et al., 2010] . The volume decrease is mainly caused by top melting through warming and increased precipitation [e.g., Kohler et al., 2007] , thus increasing the freshwater supply to the nearby fjord and ocean. The West Spitsbergen region is also influenced by inflowing warm Atlantic water (AW). Increased intrusion of ocean heat to the fjord has the potential to melt the glacier fronts at tidewater glaciers, similar to the process explaining the increased melt off from marine-terminating fronts of the Greenland Ice Sheet [e.g., Holland et al., 2008; Hanna et al., 2009; Rignot et al., 2010] .
Ocean acidification (OA) is caused by the increase in ocean CO 2 due to uptake of atmospheric CO 2 . This increase has caused a shift in the CO 2 (or carbonate) chemistry to a less basic state, resulting in a decrease in ocean pH and carbonate ion concentration [CO 22 3 ] [e.g., Raven et al., 2005; Gattuso and Hansson, 2011, and references therein] . Calcium carbonate (CaCO 3 ) saturation state (X) is commonly used to indicate a change in the CO 2 chemistry (and OA state) and the dissolution potential for solid CaCO 3 , such as calcareous shells and skeleton of marine organisms. When X < 1, solid CaCO 3 is chemically unstable and prone to dissolution (i.e., the waters are undersaturated with respect to the CaCO 3 mineral). In the Arctic, increased freshwater supply from sea-ice melt and river runoff have shown to decrease X and provide a positive feedback on OA [Chierici and Fransson, 2009; Yamamoto-Kawai et al., 2009; Fransson et al., 2013; Robbins et al., 2013] .
In addition, Chierici and Fransson [2009] found that the total alkalinity and [CO 22 3 ] decreased on the Arctic shelves due to elevated freshwater fractions from sea-ice melt and river runoff. Furthermore, large amounts of river water contribute also with organic matter, increasing CO 2 and decreasing pH, due to mineralization of organic carbon. Depending on the bedrock of the river drainage area, river runoff could affect the CO 2 system, and even the alkalinity, as a result of water drainage over calcareous or noncalcareous bedrock [e.g., Hjalmarsson et al., 2008; Evans et al., 2014; Azetsu-Scott et al., 2014] . In general, Arctic fjords are little investigated regarding the CO 2 chemistry and OA state in the water column, and there are only few studies of the CO 2 system in the Arctic, mainly in the NE Greenland fjords [e.g., Sejr et al., 2011] . Moreover, CO 2 -system data on the full seasonal cycle, in particular, winter data are scarce in the Arctic, are required to investigate the drivers/controls on the CO 2 system and OA state. This information is also necessary to understand the future atmospheric CO 2 -uptake potential in the Arctic.
Freshening of the Arctic is now occurring [e.g., Morison et al., 2012] and increasing melt of Arctic ice sheets and glaciers may have a profound local impact on the OA state. Several studies focus on the effect of sea-ice melt and river runoff on OA state in the Arctic and limited studies on the effect of glacial melt and drainage water. Here we report on the seasonal and interannual variability of the CO 2 system, nutrients, and freshwater fractions during 2 contrasting years in a Spitsbergen fjord. Moreover, we estimate the effect of glacial drainage water on the CO 2 system, OA state, and ocean CO 2 uptake in an Arctic tidewater-glacier fjord.
Study Area
Tempelfjorden is situated in the easternmost part of Isfjorden on the West-Spitsbergen shelf ( Figure 1 ). Tempelfjorden is 14 km long and 5 km wide and covers an area of 57 km 2 [Forwick et al., 2010] . Moreover, Tempelfjorden is situated on the west coast of Spitsbergen (west facing), meaning that it is influenced by the inflow of transformed Atlantic water, which is a relatively warm and saline water transported by the West Spitsbergen Current [e.g., Nilsen et al., 2008] . Tempelfjorden is much less studied relative to many other fjords in Svalbard, for example, Kongsfjorden [e.g., Svendsen et al., 2002; Cottier et al., 2005; Gerland and Renner, 2007] , Storfjorden [e.g., Skogseth et al., 2005] , and the adjacent Isfjorden [Nilsen et al., 2008] which have been extensively studied mainly regarding their physical but also biological characteristics. Typically water masses in fjords consist of three layers; a fresh surface layer, an intermediate layer which is usually shelf water mixed with advected waters from the Atlantic, and cold deep water below the sill. Tempelfjorden is without a distinct sill (Figure 1 ) and the three-layer water mass arrangement is less distinct and show large seasonal and interannual variability, which was evident from our study.
Sea-ice formation in winter has the capacity to release high-salinity brine which induces water-column mixing or so called haline convection, creating a well-mixed high salinity and cold winter water [Cottier et al., 2005] . Winter water is a mixture of transformed Atlantic water and freshwater exposed to large heat loss and wind mixing from fall to winter [Nilsen et al., 2008] . In Tempelfjorden, sea ice usually starts to form in November and breaks up between April and July [Svendsen et al., 2002; Nilsen et al., 2008] . However, the timing of sea-ice formation and melt, as well as the location of the sea ice edge, has large interannual variability in western Spitsbergen fjords Gerland and Renner, 2007] . In spring and summer sea-ice meltwater is introduced to the water column, although this may be a rather transient influence during the ice-melt period [Cottier et al., 2010] . Fjords are different than the central Arctic Ocean, where the meltwater builds-up and has long retention time in the system. In fjords, the freshwater is flushed out quickly due to the fjord circulation [MacLachlan et al., 2007] .
The fjord is composed of two basins with a maximum water depth at 110 m in the main basin (central and outer fjord) and the smaller basin in the inner part of the fjord of a water depth up to 70 m ( Figure 1 ). Our study took place in the inner part of the fjord (Figure 1 ). Two drainage basins surround the area and the northern drainage basin covers 785 km 2 and has a glacial coverage of 58% [Hagen et al., 1993] . It composes of the calving tidewater glacier Tunabreen and the two land-terminating glaciers (von Postbreen and Bogebreen) at the head of Tempelfjorden (Figure 1 ). Tunabreen and von Postbreen are the major sediment sources in our study area (northern basin), and in the outer basin most particles in the freshwater originate from the Sassen River (Sassenelva).
The air temperature and precipitation data (at station Longyearbyen Airport) provided by the Norwegian Meteorological Institute (www.met.no) show that the period from December 2011 to March 2012 was significantly warmer than the long-term mean air temperature in 1964-2014. The air temperature anomaly from the long-term mean was 112 C in January 2012 and at the end of this month the precipitation was falling as rain, and it was an unusually mild winter with late sea-ice formation. In addition, the precipitation (as rain) in fall and winter (August-December) 2011 (preconditions for March/April 2012) was higher than the precipitation in fall/winter 2012 (preconditions for April 2013). Table 1 summarizes the sampling dates and locations. In winter, we sampled fjord water from the upper water column (ice-water interface, 2, 5, 10, 15, and 20 m depths) at three to five stations from the glacier front to the outer parts of the fjord mouth (sea ice edge in 2012; Figure 1 ). The most extensive sampling was performed during April 2012 (five stations) and in April 2013 (four stations) and limited sampling were performed in January (one station near Fredheim, Figure 1 ), March 2012 (three stations) and in September 2013 (three stations; 1, 2, 10, 20, 30, and 40 m depths). In addition to the water column, we sampled glacial ice from the glacier front (winter time and September 2013) and at the beach (in September).
Data and Methods

Sampling
The fjord water from the upper water column was sampled using a polyethylene water sampling device of 0.5 L (in 2012) and 2.5 L (2013), immersed through the ice bore hole in winter, and in September 2013 immersed directly into the water (no sea ice). In 2012, water samples were collected directly into borosilicate glass bottles (250 mL) for the CO 2 system (i.e., carbonate system), nutrients in acid washed NalgeneV R bottles (125 mL) and oxygen isotopic ratio (d 18 O) in 25 mL WheatonV R HDPE bottles (sealed with ParafilmV R ).
Due to cold and harsh conditions in 2013, as well as challenging transportation to the sampling sites, water samples were contained in unbreakable HDPE NalgeneV R bottles (500 mL) and ice, snow, and glacial ice in plastic Zip-locksV R bags. The water was immediately put into an insulated cooling box to prevent freezing of the samples. Immediately after return to the laboratory at UNIS (Longyearbyen), the water samples for the determination of the CO 2 system were transferred carefully to 250 mL borosilicate bottles using tubing to prevent contact with air, preserved with saturated mercuric chloride (HgCl 2 ; 60 lL to 250 mL sample, 120 lL for ice) and stored dark at 14 C. In 2012, the sample bottles for the CO 2 system were carefully and quickly opened and reclosed to preserve the samples with HgCl 2 . For the nutrient samples, the same bottles were used as in 2012.
The pieces of glacial ice were individually placed into plastic bags and put into an insulated box for transportation to lab for further processing. In the laboratory, the glacial ice samples were carefully placed in Tedlar V C gas sampling bags and saturated HgCl 2 was added (100 lL for 500 mL melted ice) to halt biological activity. After sealing the bags, air was removed from the bag using a vacuum pump. The glacial-ice samples were thawed in darkness at 14 C for 24-48 h resulting in a melted sample of approximately 1 L. The crystals found in the melted glacial ice were sampled with a NalgeneV R pipette and placed in 5-10 mL NalgeneV R bottles (Thermo Fisher Scientific, USA) with 75% ethanol and stored at 220 C.
The temperature of glacial ice and water-column samples was measured on site, immediately after the sample recovery, using a digital probe (Testo 720) with the precision of 60.1 C and accuracy of 60.1 C. The holes for the temperature measurement in glacial ice were carefully drilled with a clean stainless steel drill to avoid additional heating from the drill. In addition to sample bottle measurement of temperature and salinity, we obtained hydrography data by deploying conductivity/temperature/pressure (CTD)-probes through the ice hole on stations shown in Table 1 . In 2012, we used a STD 204 (SAIV A/S, Norway) with a resolution of 60.01 and accuracy of 60.02, and in 2013, we used a SBE 37 MicroCAT (Seabird Electronics, USA) with a resolution of 60.0001 and accuracy of 60.003.
Analysis
The samples of fjord water and melted glacial ice were analyzed for total alkalinity (A T ), total inorganic carbon (C T ), dissolved inorganic nutrients (nitrate 1 nitrite, phosphate, and silicic acid), d 18 O, and salinity. The salinity of the melted glacial ice and water-column samples was measured using a conductivity meter (WTW Cond 330i, Germany) with a precision and accuracy of 60.05.
3.2.1. Determination of the CO 2 System C T and A T were analyzed between 1 day after thawing and within 2 weeks after collection at the laboratory at the Institute of Marine Research, Norway. Analytical methods for C T and A T determination in seawater samples are fully described in Dickson et al. [2007] . Briefly, C T was determined using gas extraction of acidified sample followed by coulometric titration and photometric detection using a Versatile Instrument for the Determination of Titration carbonate (VINDTA 3C, Marianda, Germany). The A T values were determined in the water-column samples from potentiometric titration with 0.1 N hydrochloric acid using a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA 3C, Marianda). The A T values in melted glacial ice were determined using an automated system for potentiometric titration in an open cell using 0.05 N HCl (Methrohm V C Titrando system, Switzerland), as described in Mattsdotter-Bj€ ork et al. [2014] . The average standard deviation for A T , determined from replicate sample analyses from one sample, was within 61 lmol kg 21 for water samples. For glacial-ice meltwater, the replicate samples were within 62 lmol kg 21 .
The average standard deviation for C T , determined from replicate sample analyses from one sample, was within 61 lmol kg 21 for all sample varieties. Routine analyses of Certified Reference Materials (CRM, provided by A. G. Dickson, Scripps Institution of Oceanography, USA) ensured the accuracy of the measurements, which was better than 61 and 62 lmol kg 21 for C T and A T , respectively.
We used C T , A T , phosphate, silicic acid, salinity, temperature, and depth (pressure) for each sample as input parameters in a CO 2 -chemical speciation model (CO2SYS program) [Pierrot et al., 2006] to calculate all the other parameters in the CO 2 system such as pH in situ, CO 2 fugacity and partial pressure (fCO 2 , pCO 2 ), carbon dioxide concentration ([CO 2 ]) and carbonate-ion concentration ([CO   22 3 ]), and calcium-carbonate saturation states in the water column (X) for aragonite (X Ar ) and calcite (X Ca ). We used the total hydrogen-ion scale (pH T ), the HSO 2 4 dissociation constant of Dickson [1990] and Mucci [1983] for the solubility products of aragonite and calcite, and the CO 2 system dissociation constants (K* 1 and K* 2 ) estimated by Roy et al. [1993 Roy et al. [ , 1994 . 
Determination of Dissolved Inorganic Nutrients
Determination of Mineral Content in Glacial Ice and Bedrock
Mineralogical phase identification was done using a WITec alpha 300 R (WITec GmbH, Germany) confocal Raman microscope. The measurements have been done using an excitation wavelength of 488 nm and an ultra-high throughput spectrometer (UHTS 300, WITec GmbH, Germany) with a grating, 600/mm, 500 nm blaze. The samples were placed in a glass petri dish filled with crushed ice and immediately measured using a water submersible objective (203 Olympus). Raman measurements allow a reliable identification of carbonate and silicate minerals based on their distinct molecular spectra which are related to the inelastic scattering of light [e.g., Gillet et al., 1993; Nehrke and Nouet, 2011] .
Freshwater Fraction Calculation
Freshwater fractions were calculated using the following equation (1) salinity of about 34.9, and cold water just above freezing point from top to bottom. There was no watercolumn stratification and no discernible spatial gradient from the glacier front to the outer fjord in April 2013 (Figures 2a and 2b) . Overall, the water column below 10 m was more than 1 C colder in almost all freshwater supplies usually occur from June to August [Nilsen et al., 2008] . This was observed in the relative higher freshwater fractions (Figure 2d) 
Spatial and Interannual Variability of Nutrients in the Fjord
In April 2012, [NO 4 ] values were below detection limit (Figures 4a and 4b) . In March/April 2012, in situ pH was generally lower and fCO 2 higher compared to the values in April 2013 (Figures 5c and 5d ). Spatial gradients of in situ pH and fCO 2 from the near glacier front to the outer fjord showed significant and opposing gradients between the two winters. In April 2012, the in situ pH decreased by 0.0036 units km 21 coinciding with a fCO 2 increase of 3 latm km 21 . This was in contrast to the situation in April 2013 where in situ pH increased by 0.0045 units km 21 and fCO 2 decreased by 3.6 latm km 21 from the glacier front to the outer fjord.
At all times, seawater fCO 2 was undersaturated relative to the atmospheric fCO 2 (of approximately 400 latm, Ny-Ålesund station, Spitsbergen) ( Figure 5d ) and varied between 250 latm (September 2013) and 370 latm (March 2012). In September 2013, we observed the highest in situ pH and lowest fCO 2 (Figures 5c and 5d ).
The lowest X Ar and X Ca were found in March and April 2012 (Figures 5e and 5f ) and the X Ar values decreased by approximately 0.012 km 21 from the inner to the outer fjord. In April 2013, X was >1 (X Ar , Figure 5e ; X Ca , Figure 5f ). The lowest values were found near the glacier front and higher values further out in the fjord, with a difference (DX Ar ) of approximately 0.2 (increasing from the glacier front to outer fjord by 0.015 km 21 ).
Chemical Properties and Mineral Composition of Glacial Ice
The melted glacial ice contained significant [NO 3 ] in these samples could be caused by calcareous minerals. The presence of dolomite (mineral 1) and calcite (mineral 2) crystals incorporated in glacial ice was confirmed by confocal Raman microscopy ( Figure 6 ). The spectral position of two lattice modes as well as the two internal modes of dolomite and calcite, respectively, matched exactly the ones determined for the two minerals. In the melted glacial ice samples, we also found quartz (SiO 2 , not shown), which could explain the relatively high [Si(OH) 4 ] in the glacial ice and in the water near the glacier front.
Effect of Glacial Drainage Water on Chemistry and Ocean Acidification State
Depending on the mineralogy of the drainage basin, the freshwater from glacial melt and drainage from glacier basins (e.g., land-derived water) have the potential to affect water-column chemistry, air-sea CO 2 flux, and ocean acidification (OA state) in several ways. Direct input of glacial water from marine terminating glaciers (melting of calving icebergs and surface melt) adds freshwater which is much less affected by chemical components from the bedrock, compared to runoff derived from the glacial drainage basin (indirect input). Here at the base of the glacier, chemical components are accumulated and added to the water due to erosion from the bedrock through glacier-water action (friction and lubrication) [Benn et al., 2007] . Consequently, the composition of the bedrock minerals has the potential to affect the buffer capacity (carbonate system and A T ) and OA state in the receiving water body. Our data clearly show that the chemistry and OA state in the fjord water were affected by differences in freshwater fraction and the result of sea-ice condition (e.g., ice cover and haline convection). Interestingly, the linear relation between A T and salinity indicated two different freshwater end-members (at zero salinity); one with A T of 1142 lmol kg 21 based on March and April 2012, and one end-member with lower A T of 526 lmol kg
21
, where most of the September 2013 values were aligned (Figure 7 ). This indicated that the freshwater source in winter 2012 was more influenced by indirectly derived carbonate ions from the glacial drainage basin resulting in higher A T at zero-salinity compared to in September 2013. A minor part of the A T increase could also be due to the supply of dissolved silicate-rich bedrock, contributing to A T . In September, the water was likely more influenced by direct freshwater supply and was closer to the dilution line with pure water (dot-dashed line, Figure 7 ). The slope for the A T -salinity relationship is 33 lmol kg 21 A T per unit salinity for the March and April 2012 data, whereas it is 51 lmol kg 21 per unit salinity for the April and September 2013 data (Figure 7) . The corresponding slope for the dilution of pure water was 66 lmol kg 21 per unit salinity. This implies that in winters, similar to March 2012 with a large amount of glacial drainage water, the fjords will receive freshwater with a larger buffer capacity than freshwater derived from the direct surface freshwater addition. At a few occasions (January 2012 and April 2013), the salinity was higher than 34.9 and A T was below the dilution line ( Figure 7) . This deviation suggests a rejection of A T -depleted brine from the sea ice due to CaCO 3 precipitation within the sea ice, leaving excess A T (as CaCO 3 ) in the sea ice [e.g., Rysgaard et al., 2007; Fransson et al., 2013] .
Although, higher A T in the freshwater end-members results in higher capacity to buffer against acidic input, our results showed decreasing A T and X with increasing freshwater fractions (Figures 8a and 8b) . Most of the data points in March and April 2012 are higher than the dilution line (Figure 8a ). The drainage basin near the glacier was influenced by freshwater draining into bedrock containing carbonate ions ([CO   22 3 ]) [Dallmann et al., 2002; Forwick et al., 2010] . In our study, we found evidence for dolomite and calcite in the glacial ice. A detailed study of the mineral composition in the drainage waters by Forwick et al. [2010] reported that the waters emanating from Tunabreen and von Postbreen contained sediments that consisted of about 30% dolomite (CaMg(CO 3 ) 2 ), ankerite (Ca(Fe, Mg, Mn)(CO 3 ) 2 , and 18% calcite (CaCO 3 ), all of which can contribute with carbonate ([CO ). In the study area, the drainage water also contained dissolved minerals from silicate-rich bedrock that also contributes with [Mg 21 ] and calcium ions [Ca 21 ]. This means that these glaciers and drainage water have the potential to affect the CO 2 system, X, and the air-sea CO 2 flux. Dissolved silicate-rich bedrock, such as silicate and magnesium hydroxide (MgOH 1 ) also contributes to A T but has a minor impact in seawater (0.2% and 0.1%, respectively) in comparison to the impact of [CO 22 3 ] supply (6.7%) [e.g., Millero, 2013] . The contribution of [Ca 21 ] from Arctic river discharge has shown to increase ocean X Ar although dilution due to freshening [Azetsu-Scott et al., 2010] . Our study strengthens the previous results that showed that increased freshwater results in decreased X (and gives a positive feedback on OA). However, it also shows that glacial runoff from drainage basins containing carbonate and silicate-rich bedrock has the potential to alleviate OA and X to some extent. Similar results of decreased pH and X due to the effect of glacial drainage water were found in the sub-Arctic inland sea of the Prince William Sound in Alaska by Evans et al. [2014] .
4.6. Biological CO 2 Uptake and Air-Sea CO 2 Exchange Glacier fronts are known to induce primary production and hence secondary production due to upwelling of nutrient and mineral-rich water as a result of plumes of water from the glacier entering the fjord [e.g., Apollonio, 1973; Lydersen et al., 2014] . Here we estimate the biological CO 2 uptake of the surface water at the glacier front (stn #1) and near the sea ice edge (stn #4) using changes in C T , [NO and #4 at the depth of the largest change (i.e., top 2 m; Table 3 ) in order to calculate changes (DC) due to processes other than freshwater dilution such as biological carbon uptake and air-sea CO 2 exchange according to the equations (2) and (3):
The carbon loss due to biological CO 2 uptake (C bio ) was obtained from the D[NO 2 3 ] converted to carbon equivalents using the carbon:nitrate (C:N) stoichiometric ratio of 106:16 [Redfield et al., 1963] (Table 4) :
We estimated a carbon loss due to C bio of 43 and 44 lmol kg 21 for stns #1 and #4, respectively (Table 4) .
The carbon loss due to DC T (45 and 41 lmol kg 21 for stns #1 and #4, respectively) was similar to C bio , which means that biological carbon uptake dominated the change in carbon. Consequently, there was an insignificant exchange of carbon with the surrounding environment such as ocean CO 2 exchange with the atmosphere or contribution from other sources (C exch , equation (5)):
Positive C exch indicates a gain due to either ocean uptake of atmospheric CO 2 (C atm ) or supply of [CO 22 3 ] from glacial drainage water (C CO32-, equation (6)):
The A T values are not directly affected by ocean uptake of atmospheric CO 2 and to a minor extent by primary production (PP). By the assimilation of NO (Table  4) . The effect on A T due to primary production (A T2PP , Table 4) can be corrected:
In order to estimate the effect on A T and C T of the mineral supply from the dissolution of carbonate-rich bedrock, we used the DA T2PP values (Table 4) . A gain of [CO 22 3 ] affects A T by a factor of two and C T by one. Hence, the C T gain due to [CO 22 3 ] supply (C CO32-) and due to atmospheric CO 2 uptake (C atm ) were estimated according to the equations (8) and (9): 0.90 6 0.01 0.10 6 0.01 n/a n/a n/a n/a fx #4 0.92 6 0.01 0.08 6 0.01 n/a n/a n/a n/a a Standard deviation denotes the cumulative error based on the analytical precision and the natural variability of the input parameters and the propagated error in C corr . C CO322 5A T-PP x 0:5
Our estimates of C exch , C CO322 , and C atm based on 2013 data were mainly insignificant, which was partly due to the lower freshwater supply in April 2013 compared to in April 2012. The relatively large total error of 625 lmol kg 21 in C atm (Table 4) was based on the cumulative uncertainty of the analytical precision and natural variability of the input parameters (Table 3) in the model, and the propagated error in the calculated model parameters. The contribution of the uncertainty of the estimates of freshwater fractions was 60.01 based on the cumulative uncertainty in salinity derived from the analytical resolution of 60.01 and the variability of salinity in the water column of 60.06 in April 2013. Based on this value, we performed a sensitivity check on the resulting C exch and C atm by changing the f glac and f ww of 60.01 in the massbalance model calculations. This exercise showed that decreased freshwater supply resulted in a CO 2 loss of about 18 and 7 lmol kg 21 based on C exch and C atm , respectively. Increased freshwater resulted in a CO 2 gain of 14 lmol kg 21 (C exch ) and 7 lmol kg 21 , when accounting for the contribution of carbonate ions (C atm ). This also demonstrates that the cumulative uncertainty in the freshwater fraction calculation contributes with 67 lmol kg 21 of the propagated error of 625 lmol kg 21 (Table 4 ). The uncertainty originated from the freshwater fraction calculation becomes smaller with the higher freshwater end-member of 1142 lmol kg 21 such as in March-April 2012 ( Figure 7 ).
By assuming a surface mixing of the upper 20 m and the minimum and maximum C atm of 232 to 132 lmol kg 21 , the estimated oceanic CO 2 source and sink were 0.6 mol C m 22 , respectively, for the whole period (April to September) and 0. [Sejr et al., 2011] . However, they used another methodology based on direct surface fCO 2 measurements and flux calculations. For comparison, we performed a similar calculation based on the observed surface fCO 2 values near the glacier in September. Here we found an undersaturation of 144 latm (402-258 latm) relative to the atmospheric level of 402 latm (Ny-Ålesund) implying that the fjord had the potential to act as a sink of atmospheric CO 2 during the open water season, until the onset of ice formation. We calculated the CO 2 flux using the formulation of Wanninkhof et al. [1992] in combination with the fCO 2 undersaturation of 144 latm in September, mean wind speed of 12 m s
, and the surface-water temperature of 3.2 C. This resulted in an atmospheric CO 2 uptake of 0.35 mol C m 22 month 21 (12 mmol C m 22 d 21 )
and an annual net sink of 2.5 mol C m 22 during 7 months of open water, which is similar to the annual sink of 2.7 mol C m 22 in Young Sound during a 2 months longer season of open water [Sejr et al., 2011] . The mismatch between our two CO 2 exchange approaches could partly be explained by the horizontal advection of surface water or supply of CO 2 from land-derived freshwater, which we have not taken into account.
Conclusions
The influence of freshwater and sea ice on variability of the CO 2 system, ocean acidification (OA state), and air-sea CO 2 uptake in a marine-terminating glacial fjord was investigated. Our 2 year study during these contrasting years clearly showed that the freshwater supply and processes in relation to sea-ice formation (e.g., haline convection) preconditions and significantly affected the chemical characteristics in the fjord. We also found that buffering components as carbonate ions in the drainage basin had the potential to affect the magnitude of change caused by increased ocean CO 2 . The study indicates that increased supply of freshwater (land-derived and glacial drainage water) changes the ocean from a CO 2 source to a CO 2 sink. Our study supports previous findings that increased freshwater provides a positive feedback to ocean acidification (decreases X). However, fjords with freshwater originating from glacial drainage on carbonate and silicate-rich bedrock provide a partly negative feedback (or less positive feedback) on further ocean acidification. Moreover, the increased buffer capacity results in an increased potential for atmospheric CO 2 uptake, which will provide a positive feedback to OA on a longer time scale. The mass and volume of the Svalbard glaciers are mainly affected by warming and increased precipitation, which in turn will result in more glacial water supply and freshening in the Arctic. Consequently, we can expect increased ocean acidification and decreased calcium-carbonate saturation state (dissolution state, X), which may possibly lead to changes of the living conditions for calcifying marine organisms. However, there are few and short time series in the Arctic Ocean and little information on the seasonal variability of the OA state. By studying fjords with different dynamics such as contrasting years (sea-ice and freshwater conditions) and drainagewater chemistry, we can understand more of the feedback processes in a changing Arctic.
